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The unloading process of an elastic–plastic spherical contact under stick contact condition is analyzed for
various material properties. The evolution of normal and shear stress distribution at the contact area as
well as the residual proﬁle of the sphere and residual von Mises stresses inside the sphere are presented.
Empirical expressions for the residual interference and for the evolution of the interference and contact
area during the unloading are provided. Good agreement with experimental results is shown.
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The loading–unloading process of a deformable sphere by a ri-
gid ﬂat is a fundamental problem in contact mechanics. It is found,
for example, in MEMS micro-switches and in many applications
where rough surfaces are subjected to repeat loading cycles such
as in rolling element bearings, gears, cams, etc. Various loading–
unloading models can be found in the literature to study impact
and restitution problems (e.g. Wu et al., 2008; Thornton, 1997),
damage due to eroding particles (Choi, 2008), evaluation of
mechanical properties by indentation (e.g. Kogut and Komvopou-
los, 2004), and residual surface roughness (Kadin et al., 2006a) to
name a few.
The unloading part of an elastic–plastic spherical contact in any
loading–unloading cycle depends on the nature of the preceding
loading. More speciﬁcally the contact parameters at the end of
the loading phase such as maximum interference, contact area,
and stress distribution strongly affect the unloading phase. For this
reason any unloading model of elastic–plastic spherical contact is
linked to a corresponding loading model. A brief review of various
elastic–plastic loading models is therefore in place.
Chang et al. (1987) offered a simpliﬁed analytical solution
(known as the CEB model) for the contact area and contact load
in elastic–plastic contact of a deformable sphere and a rigid ﬂat
based on volume conservation in the vicinity of the sphere tip.
The CEB model assumes elastic perfectly plastic material behavior
and perfect slip contact condition. Another simpliﬁed analytical
solution is by Thornton (1997) who analyzed elastic–perfectlyll rights reserved.
: +972 4 829 5711.plastic collision of spheres based on a truncated Hertz pressure
distribution.
More accurate ﬁnite element (FE) solutions which enable realis-
tic plastic evolution within the deformable sphere during its load-
ing were presented by Kocharski et al. (1994) and then by Vu-Quoc
et al. (2000). However, these analyses are limited to speciﬁc
dimensional cases and do not provide general relations for the glo-
bal contact parameters. Kogut and Etsion (2002) used FE method to
solve a frictionless elastic–plastic spherical contact and provided
useful dimensionless expressions for the area of contact and con-
tact load as functions of the interference, showing negligibly small
effect of the ratios E/Y and ET/E. Similar models were offered by
Quicksall et al. (2004) as well as by Jackson and Green (2005a),
showing an effect of the E/Y ratio on the contact behavior at very
large interferences. More recently Shankar and Mayuram (2008)
showed a certain effect of strain hardening on the transition from
elastic–plastic to fully plastic contact.
The loading models described above are all based on the
assumption of frictionless contact (i.e. perfect slip contact condi-
tion). This assumption may be invalid in dry contact of dissimilar
materials as was shown experimentally by McGuiggan (2008)
and more recently by Ovcharenko et al. (2008). Brizmer et al.
(2006a) studied the effect of full stick contact condition on the
elasticity terminus of a spherical contact and found increasing dif-
ferences compared to the case of perfect slip condition at decreas-
ing Poisson’s ratios. Following this ﬁnding Brizmer et al. (2006b)
modeled the loading of an elastic–plastic spherical contact both
under perfect slip and full stick contact conditions. The dimension-
less contact area, contact load and average contact pressure were
found to be almost insensitive to the contact condition, indepen-
dent of the ratios E/Y and ET/E, independent of the sphere radius,
and slightly affected by the Poisson’s ratio. However, the contact
Nomenclature
a contact area radius
ac critical contact area radius:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rxc
p
in slip,
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Rdc
p
in stick
A contact area
Ac critical contact area: pRxc in slip, pRdc in stick
A dimensionless contact area, A=pRxc in slip, A=pRdc in
stick
Cm pmc=Y0 ¼ 1:234þ 1:256m
E Young’s modulus of the sphere
ET tangent modulus of the sphere
Lc critical load in stick
P contact load in stick and slip
Pc critical load in stick
P dimensionless contact load, P=Pc in slip, P=Lc in stick
p contact pressure
pav average contact pressure
pm maximum contact pressure
R radius of the sphere
r; h; z cylindrical coordinates
Y yield strength of the sphere material
dc critical interference in stick contact condition
m Poisson’s ratio of the sphere
req von Mises equivalent stress
srz tangential shear stress
x interference in slip and stick contact condition
xc critical interference in slip contact condition
x dimensionless interference, x=xc in slip, x=dc in stick
Subscripts and superscripts
res residual values following unloading
max maximum values during the loading–unloading process
* normalized values according to critical values at yield-
ing inception
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region within the loaded sphere when the Poisson’s ratio is lower
than 0.4. Very good correlation between the theoretical results of
Brizmer et al. (2006b) and experiments is reported in Ovcharenko
et al. (2006).
Similar to the loading models, both analytical and numerical
methods were employed for frictionless unloading of an elastic–
plastic loaded spherical contact. Johnson (1985) proposed an ana-
lytical model for the unloading of an elastic–plastic loaded spher-
ical contact assuming that the unloading process is fully elastic. In
this model the load-interference behavior during unloading fol-
lows the analytical Hertz solution considering the increase of the
sphere curvature caused by plastic deformation during the elas-
tic–plastic loading phase. Thornton (1997) used a similar unload-
ing model to that proposed by Johnson (1985) only this time the
contact is between two impacting spheres and the elastic–plastic
loading model is based on a simpliﬁed truncated Hertz solution.
Li and Gu (2009) expanded the method of Thornton in order to
investigate the unloading of a deformable ﬂat that was loaded by
a rigid sphere into an elastic–plastic contact. Their analytical solu-
tion showed good agreement with FE results obtained by Yan and
Li (2003). Mesarovic and Johnson (2000) as well as Vu-Quoc et al.
(2000) proposed additional analytical unloading models for rela-
tively large and relatively small contact loads, respectively.
Etsion et al. (2005) presented the ﬁrst accurate FE solution for
the unloading of an elastic–plastic loaded spherical contact cover-
ing a wide range of material and geometrical properties of the
loaded sphere. Analytical expressions for the dimensionless con-
tact load and contact area vs. displacement during unloading,
and for the residual radius of curvature and residual interference
at the end of the unloading process, were derived by best ﬁtting
of the numerical FE results. The dimensionless model was found
to be universal in nature and independent of speciﬁc material or
radius of the sphere. An elastic–plastic loading index (EPL index)
was suggested, based on the dimensionless residual interference,
which may serve as a measure of the level of plasticity of the
loaded sphere. In a following paper by Jackson et al. (2005b) the
authors concentrated in more detail on the residual stresses and
deformations following the unloading process. Kadin et al. (2008)
expanded the model of Etsion et al. (2005) to include the effect
of adhesion on the unloading process. A similar model was used
by Du et al. (2007) to study loading–unloading of gold and ruthe-
nium micro-switches. In all the above studies a secondary plastif-
ication was observed during the unloading process. An annular
zone near the edge of the contact area that was elastic at the endof the loading phase yielded plastically during the unloading pro-
vided the maximum contact load was large enough. This phenom-
enon contradicts the simplifying assumption made by Johnson
(1985) that the unloading process can be treated as fully elastic.
A typical similar secondary plastiﬁcation was also observed by Kral
et al. (1993) in their FE analysis for repeated indentation of an elas-
tic–plastic half-space by a rigid sphere.
As can be seen from the above literature search several loading–
unloading models of elastic–plastic spherical contact were devel-
oped so far. However, differently from some loading models, in
all the unloading models frictionless contact (perfect slip contact
condition) was assumed. It is therefore the purpose of the present
study to extend the full stick loading model of Brizmer et al.
(2006b) and investigate the unloading process under the same full
stick contact condition. This will complement the frictionless load-
ing–unloading model by Etsion et al. (2005) and will enable a com-
parison of the unloading behavior and EPL index under the two
different contact conditions.2. Theoretical background
Fig. 1 is a schematic presentation of a deformable sphere with a
radius R in contact with a rigid ﬂat. The dashed lines represent the
original contours of the ﬂat and the sphere prior to any deforma-
tion. The solid line in Fig. 1a represents the deformed sphere dur-
ing the loading phase where an interference x and a contact area
radius a correspond to a contact load P. The solid line in Fig. 1b
shows the deformed sphere at the end of the unloading process.
Here, under zero contact load the sphere has a residual curvature
Rres and a residual interference xres. The ﬂat is free to translate in
the vertical direction only without any tilt. The sphere is ﬁxed at
its base and is radially constrained at its axis of symmetry. Due
to axisymmetry of the contact problem it is sufﬁcient to apply a
2-D solution.
Stick contact condition is applied between the sphere and the
ﬂat namely, when a point on the deformed sphere surface is in con-
tact with the rigid ﬂat it is prevented from any relative displace-
ment in the radial direction. The stick contact condition does not
prevent axial detachment of the sphere surface from the rigid ﬂat
during unloading.
The critical interference xc or dc and the corresponding critical
load Pc or Lc at plastic yielding inception under perfect slip or full
stick, respectively, were given by Brizmer et al. (2006a) in the
form:
(a) 
(b) 
ωres
R
Rres
Rigid flat
Rigid flat
P
  a 
ω
R
  z 
  r 
Fig. 1. A deformable sphere in contact with a rigid ﬂat; just before loading (dashed
lines), during loading (a) and after unloading (b) shown in solid lines.
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6
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E
 
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ð3Þ
Lc=Pc ¼ 8:88m 10:13ðm2 þ 0:089Þ ð4Þ
whereY, E and m are the yield stress, the Young’s modulus and the
Poisson’s ratio of the sphere material, respectively.
The critical values of the contact area at yielding inception for
slip and stick contact conditions are given accordingly by Eqs. (5)
and (6), respectively:
Ac ¼ pRxc ð5Þ
Ac ¼ pRdc ð6Þ
The dimensionless contact load P ¼ P=Lc and contact area
A ¼ A=Ac at a dimensionless interferences x ¼ x=dc are given
by Brizmer et al. (2006b) as:
A ¼ x 1þ exp 1
1 ðxÞa
  
ð7Þ
P ¼ x 1þ exp 1
1 xð Þb
 ! !
ð8Þ
where
a ¼ 0:25þ 0:125m; b ¼ 0:174þ 0:08m ð9ÞEtsion et al. (2005) presented dimensionless expressions for the
load and contact area during the unloading process under slip con-
tact condition for m ¼ 0:32 in the form:
P ¼ Pmax
xxres
xmax xres
 np
; np ¼ 1:5 xmax
 0:0331 ð10aÞ
A ¼ Amax
xxres
xmax xres
 na
; na ¼ 1:5 xmax
 0:12 ð10bÞ
and the residual interference xres was given by:
xres
xmax
¼ 1 1
ðxmax=xcÞ0:28
 !
1 1
ðxmax=xcÞ0:69
 !
ð11Þ
An elastic–plastic loading index (EPL) was proposed by Etsion
et al. (2005) in order to evaluate the ratio of energy dissipated
due to plastic deformation and the work done to deform the sphere
during loading:
EPL ¼
Rxmax
0 PL dx
Rxmax
res PUL dxRxmax
0 PL dx
ð12Þ3. The ﬁnite elements model
A commercial FE package ANSYS 9.0 was used for the numerical
analysis. The ﬁnite element model is similar to the one described in
Brizmer et al. (2006a,b). The mesh consisted of 8800 six-node tri-
angular axisymmetric elements (Plane2) comprising a total of
29,277 nodes. The sphere was divided into three different mesh
density zones (see Fig. 2), where zones I and II were within
0.015R and 0.1R, respectively, from the sphere summit, and zone
III outside the 0.1R distance. Zone I had the ﬁnest mesh and the
other zones had a gradually coarser mesh at increasing distance
from the sphere summit. The sphere surface consisted of contact
elements (Conta172) that matched the size of the elements in each
zone. The rigid ﬂat was modeled by a single non-ﬂexible element
(Targe169). The stick contact condition was applied by selecting
the proper option of the ANSYS.
The contact area radius had at least 15 elements to ensure prop-
er resolution during loading under the lowest applied maximum
normal load. The numerical error in evaluating that radius is usu-
ally determined as half the distance between neighboring nodes
(see Kral et al., 1993). However, higher resolution was achieved
in our model by plotting the contour of the loaded sphere and
determining the edge of the contact area when the distance be-
tween the deformed sphere and the rigid ﬂat exceeds a pre-se-
lected small gap. In order to maintain the edge of the contact
area during loading under the highest maximum normal load with-
in Zone II we limited our analysis to a ratio a/R < 0.05.
To verify the accuracy of the ﬁnite element model, results for
purely elastic loading under perfect slip condition were tested
against the Hertz solution. The correlations of the contact load
and contact area were within 1% and 3%, respectively. Another
accuracy check was done for elastic–plastic loading by increasing
the mesh density and ensuring that the results are within a small
pre-deﬁned tolerance.
4. Results and discussion
The unloading process of a deformable sphere and a rigid ﬂat
was analyzed in the present work under full stick contact condi-
tion. Simulations were performed for Poisson’s values in the range
m ¼ 0:25—0:45, typical for most ductile materials, and for E=Y ra-
tios in the range E=Y ¼ 500—4000. The material of the sphere
was assumed to be elastic–isotropic linear hardening (see Etsion
et al. (2005)) with a tangent modulus of 2%. This hardening im-
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Fig. 3. The residual proﬁle of the sphere after unloading for various maximum
contact loads and m ¼ 0:25. The ﬁgure presents the residual gap between the sphere
and the ﬂat as a function of radial location. The dashed line represents the initial
undeformed sphere surface. The solid circles indicate the maximum contact radius
at the end of the loading phase.
Fig. 4. The evolution of the contact pressure distribution during loading (dashed
lines) and unloading (solid lines) for Pmax ¼ 75 and m ¼ 0:25.
Fig. 2. The ﬁnite element model.
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el) and reduces the computation time with negligible effect on the
results. The maximum dimensionless interference during loading
was limited tox ¼ 150, which corresponds to a maximum dimen-
sionless load of about P ¼ 750 and ensures the requirement for
a/R < 0.05.
In the following when discussing the unloading process we will
rely on the ﬁnding and conclusions of Brizmer et al. (2006b)
regarding the effect of contact conditions and materials properties
on the behavior during the loading phase. In Brizmer et al. (2006b)
it was found that by normalizing the various parameters of the
problem by their corresponding critical values at yielding incep-
tion a general dimensionless solution is obtained that is indepen-
dent of the ratio E/Y and of the sphere radius R. Furthermore, it
was found that the differences in the behavior under stick and slip
contact conditions diminish as the Poisson’s ratio increases and the
sphere material becomes less compressible. From the above dis-
cussion it becomes clear that the main effect of the stick contact
condition is expected in the lowest value of the Poisson’s ratio.
Likewise, radial displacements and non-axial stresses will be af-
fected by the stick contact condition more than the axial ones.
Fig. 3 presents, for m ¼ 0:25, the residual geometry of the sphere
at the end of the unloading process from various levels of the maxi-
mum normal load. The deformed contours are shifted in the axial
direction by the amount of the relevant residual interference xres
(see Fig. 1(b)) so that the tips of all the proﬁles are located at the ori-
gin of the dimensionless coordinate system for clearer comparison.
Theoriginal undeformed spherical geometry is shownby the dashed
line. The solid circles mark the edge of the contact area at the end of
the loading phase. It is clear from the ﬁgure that the deviation of the
residual geometry and the residual curvatureRres (see Fig. 1(b)) from
the spherical ones increase with increasing Pmax as would be ex-
pected. Also, a sharp change in the slope of the residual geometry
is observed near the location where the edge of the contact area
waspositionedat the endof the loadingphase. This phenomenon re-sults from residual plastic deformations and was also observed un-
der slip contact condition (see Etsion et al. (2005)).
Fig. 4 presents the evolution of the contact pressure distribution
for m ¼ 0:25 during the loading phase (dashed lines) to a maximum
normal load of Pmax ¼ 75 followed by the unloading phase (solid
lines) from this maximum normal load. The intersections of the
various loading and unloading curves with the horizontal axis cor-
respond to the instantaneous dimensionless contact radii a=ac,
which in the relevant elastic–plastic regime of P > 1 are also lar-
ger than 1. A large difference is observed in the ﬁgure between the
loading and unloading phases at any given instantaneous dimen-
sionless normal load P. During the unloading phase the contact ra-
dius a=ac, and hence the contact area, is larger than its
corresponding value for the same load P during the loading phase.
As a result the dimensionless pressure level during unloading is
lower compared to its corresponding level during the loading for
the same dimensionless normal load. A similar behavior was re-
ported by Thornton (1997). This may be useful where large real
contact area is required, e.g. in electrical connectors. In these cases,
it may be beneﬁcial to initially overload the contact and only then
unload it to the designed loading condition as was explained in Ka-
din et al. (2006a). The behavior shown in Fig. 4 was found typical
for the range of the Poison’s ratios m ¼ 0:25—0:45.
Fig. 5 presents the dimensionless shear stress distribution at the
contact area for m ¼ 0:25. The results are presented at the end of a
loading phase to a maximum normal load of Pmax ¼ 75 (the single
Fig. 6. Dimensionless equivalent von-Mises stress distribution req=Y after unload-
ing from a maximum contact load of Pmax ¼ 75. The maximum contact radius is
a ¼ 18ac.
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Fig. 7. The residual interference as a function of the maximum interference in stick
contact condition for a range of Poisson’s ratios. The curve for m ¼ 0:32 also applies
for slip contact condition for Poisson’s ratios in the range 0:25 < m < 0:45.
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tribution during the unloading phase (the solid lines). Positive val-
ues indicate shear acting in the positive radial direction on the
sphere contact surface. It can be seen that the contact shear stres-
ses at the end of the loading to Pmax ¼ 75 act outwards while dur-
ing unloading they reverse. A similar behavior was predicted by
Johnson (1985) for frictional contact of dissimilar materials assum-
ing elastic solids. The reason for this behavior is that during loading
the compressible material of the sphere tends to displace inward
but is held back by the prevailing stick imposed by the rigid ﬂat.
During the unloading this process is reversed. This phenomenon
is more pronounced close to the edge of the contact area due to
the greater tendency to displace radially at this location. As a result
a peak in the shear stress is observed close to the edge of the con-
tact area, typically at a radial coordinate of r ¼ 0:8a. It should be
noted here that the behavior discussed above can be maintained
only as long as the contact region is predominantly elastic namely,
below a certain maximum normal loading (see Jackson et al.
(2005b)). Above this maximum normal loading (which is larger
than Pmax ¼ 75) the contact region becomes predominantly plastic
and the radial displacements reverse directions.
Fig. 6 presents the residual dimensionless equivalent von Mises
stress distribution in the sphere following a complete unloading
from a very large maximum load of Pmax ¼ 750 that gave a maxi-
mum contact radius amax=ac ¼ 18. The highest residual stresses,
which for this case show secondary plastiﬁcation, are found near
the location where the edge of the contact area was positioned at
the end of the loading phase (see solid circles in, and discussion
of, Fig. 3). Similar behavior was reported by Kadin et al. (2006b)
for unloading from the same Pmax ¼ 750 under slip contact condi-
tion. The picture shown in Fig. 6 is typical for lower values of
Pmax as well, only the zones of high residual stresses are more com-
pressed and harder to see clearly.
Fig. 7 presents the residual interference, xres, (see Fig. 1(b)) at
the completion of the loading–unloading cycle under stick contact
condition, normalized by the maximum interference, xmax. The re-
sults are shown for various Poisson’s ratios (0.25, 0.32 and 0.45) as
a function of the dimensionless maximum interference, xmax. Eq.
(12), which was taken from Etsion et al. (2005) where the unload-
ing was done under slip contact condition, was modiﬁed in order to
best ﬁt of the numerical results shown in Fig. 7 considering the ef-
fect of m. This yielded the following empirical relation:
xres
xmax
¼ 1 1ðxmax=xcÞa
 
1 1
ðxmax=xcÞb
 !
a ¼ 0:189mþ 0:212; b ¼ 6:758m2 þ 5:281m 0:308
ð13ÞFig. 5. The evolution of the shear stress distribution at the contact area during
unloading (solid lines) from a maximum normal loading (dashed line) of Pmax ¼ 75
and m ¼ 0:25.The maximum error of Eq. (13) was found to be less than 5% for
all Poisson’s ratios in the range 0:25 < m < 0:45 when xmax > 10.
Eq. (12), was originally derived by Etsion et al. (2005) from numer-
ical simulations in the range 0:30 < m < 0:32. However, from addi-
tional numerical simulation that were performed for the same
three m values presented in Fig. 7 but under slip rather than stick
contact condition, we found that Eq. (12) is valid over a larger
range of Poisson’s ratio. Hence, differently from the current solu-
tion, the residual interference under slip contact condition is inde-
pendent of the Poisson’s ratio.
Figs. 8 and 9 present the evolution of the interference and the
contact area, respectively, during a complete loading–unloading
cycle for both stick and slip contact conditions and a Poisson’s ratio
m <¼ 0:32. The various unloading curves start from different values
of Pmax ranging from 85 to 750. The unloading curves under stick
(solid lines) are best ﬁt of the numerical results obtained in the
present analysis, while those under slip (dashed lines) are accord-
ing to Eq. (10) taken from Etsion et al. (2005). The loading curve in
Fig. 8 is according to Eqs. (8) and (9) and this in Fig. 9 is obtained
from Eqs. (7)–(9) taken from Brizmer et al. (2006b). These loading
curves (dash-dotted lines) are identical for both slip and stick con-
tact conditions. From Fig. 8 it is clear that the behavior of the inter-
ference during the unloading process is nearly identical for the two
contact conditions. Hence, the EPL index of Eq. (12) is valid for both
slip and stick contact conditions.
From Fig. 9 it can be seen that the behavior of the dimensionless
contact area during unloading is substantially different under the
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during unloading under stick is larger than that under slip for
any given instantaneous dimensionless normal load. The results
for the slip contact condition were obtained from Eqs. (10a) and
(10b) in the form:
A
Amax
¼ P

Pmax
 na=np
ð14Þ
where
na
np
¼ 2
3
xmax
 0:087
It was found that by modifying the power law constant of na in
Eq. (10b) from 0.12 to 0.2, Eq. (14) can also ﬁt the present
numerical results for the stick contact. Therefore, a single expres-
sion that is valid for both slip and stick can be provided in the
form:Fig. 9. The dimensionless contact area vs. the dimensionless contact load during the load
solid lines represent stick contact condition and the dashed lines represent slip contactA ¼ Amax
P
Pmax
 /
; / ¼ 2=3 x

max
 0:087 in slip
2=3 xmax
 0:167 in stick
(
ð15Þ
The maximum error in Eq. (15) is less than 10% during the entire
unloading process from the various maximum loading except for
the very end when A approaches zero.
The identical behavior of the interference as opposed to that of
the dimensionless contact area during unloading under the slip
and stick contact conditions is not surprising. The interference is
solely affected by axial displacements, which during unloading
are unaffected by the contact condition (see Section 2). On the
other hand, the contact area depends on both axial and radial dis-
placements where the latter are very much affected by the stick.
In order to validate Eq. (15) a comparison was made with some
of the experimental results reported in Ovcharenko et al. (2006). In
this experiment Copper (Cu) spheres ðm ¼ 0:33Þ ranging in diame-
ters from 5 to 15 mmwere unloaded from various maximum loads
applied via a hard sapphire ﬂat, and the evolution of the contact
area was recorded in situ. In another paper by Ovcharenko et al.
(2008) it was found the contact between the Cu spheres and sap-
phire ﬂat is under stick condition. Fig. 10 presents the comparison
between the results of Eq. (15) for stick and the experimental re-
sults of Ovcharenko et al. (2006) where the latter are normalized
by their corresponding critical values under stick rather than under
slip as was originally done in that paper. As can be seen the corre-
lation between the experimental results and the prediction of Eq.
(15) is very good during most of the unloading process except for
the very end where the theory overestimates the experimental re-
sults. This may be attributed to the poorer agreement of Eq. (15)
with the numerical results towards the end of the unloading as
well as the poorer accuracy in measuring small contact areas.
Fig. 11 presents the residual radius of curvature at the sphere’s
tip following the unloading from various maximum contact loads
under both stick (solid line) and slip (dashed line) contact condi-
tions. The results for the stick contact condition are from the pres-
ent analysis while those for the slip contact condition were taken
from Etsion et al. (2005). As can be seen the residual radius of cur-
vature in stick for any given maximum contact load is larger than
that under slip contact condition. This difference becomes larger
with increasing maximum contact load. The larger residual curva-
ture in stick is related to the larger region of secondary plastiﬁca-ing–unloading process for different maximum loading and m ¼ 0:32. The unloading
condition.
Fig. 10. A comparison of the experimental and numerical results for the dimensionless contact area vs. the dimensionless contact load during a loading–unloading cycle for
different maximum loading and m ¼ 0:32.
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Fig. 11. The residual radius of curvature at the sphere’s tip for m ¼ 0:32 and both
slip (dashed line) and stick (solid line) contact conditions.
996 Y. Zait et al. / International Journal of Solids and Structures 47 (2010) 990–997tion in stick compared to that in slip during unloading (see discus-
sion of Fig. 6). The larger residual radius of curvature shown in
Fig. 11 under stick differs from the experimental results of Ovchar-
enko et al. (2006). The experimental results showed a lower resid-
ual radius of curvature under stick compared to that predicted by
Etsion et al. (2005) for slip. It was noted by Ovcharenko et al.
(2006) that this disagreement may result from the fact that the
sapphire ﬂat in the experiment was not as rigid as was assumed
in the theoretical model.5. Conclusion
The unloading process of an elastic–plastic spherical contact
under stick contact condition was analyzed for various material
properties using FE method. The evolution of normal and shear
stress distribution at the contact area as well as the residual proﬁle
of the sphere and residual von Mises stresses inside the sphere
were presented. Empirical expressions for the residual interference
and for the evolution of the interference and contact area during
the unloading were found by best ﬁt of the numerical results.
A comparison was made with previously published results for
unloading under slip contact condition. While no difference was
found between the two contact conditions for the interference–
load behavior, a substantial difference was noticed for the area–
load curves. This is because the stick contact condition mainly af-
fects the radial displacements but has negligible effect on the axial
ones. As a result the EPL index in sick is identical to that in slip.An empirical expression was presented for the area–load rela-
tion during unloading by modifying an existing model for unload-
ing under slip contact condition. The current prediction was
compared with previously published experimental results showing
good agreement.References
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